The time evolution of the argon electron-beam plasma at intermediate pressure and low electron beam intensity was presented. By applying the amplitude modulation with the frequency of 20 Hz on the stable beam current, the plasma evolution was studied. A Faraday cup was used for the measurement of the electron beam current and a single electrostatic probe was used for the measurement of the ion current. Experimental results indicated that the ion current was in phase with the electron beam current in the pressure range from 200 Pa to 3000 Pa and in the beam current range lower than 20 mA, the residual density increased approximately linearly with the maximum density in the log-log plot and the fitting coefficient was irrelative to the pressure. And then three kinds of kinetic models were developed and the simulated results given by the kinetic model, without the consideration of the excited atoms, mostly approached to the experimental results. This indicated that the effect of the excited atoms on the plasma density can be ignored at intermediate pressure and low electron beam current intensity, which can greatly simplify the kinetic model. In the end, the decrease of the plasma density when the beam current was suddenly off was studied based on the simplified model and it was found that the decease characteristic at intermediate pressure was approximate to the one at high pressure at low electron beam intensity, which was in good accordance with the experimental results.
Introduction
The construction of the kinetic model plays a basic role in the investigation of the electron-beam plasma (EBP) [1] [2] [3] [4] [5] . There have been some investigations into the construction of the kinetic model in argon EBP for a wide range of discharge pressures and beam currents [6] [7] [8] [9] . Elson et al [6] constructed a relatively comprehensive kinetic model to explain the timeresolved infrared interferometry measurement of the plasma density generated by a 350 ns 150 keV electron beam pulse. The discharge pressures changed in the range of 0.5-4 atm and the electron beam current intensities in the range of 23 mA cm −2 to 10 A cm −2 . The authors divided the analysis into two regimes: low electron beam current intensities (below 1 A cm −2 ) and high electron beam current intensities. At the low electron beam current intensities, the authors assumed that the concentrations of the excited species were low and their effect on the secondary electron kinetics was small. It was concluded that the triatomic molecular ions Ar 3 + play important role at high pressure. Aleksandrov et al [8] constructed a kinetic model to compute the stationary plasma density in hot argon. The gas pressure and the electron beam current were varied in the range of 1-50 Torr and 1-50 mA, respectively. Scott et al [9] constructed a simple kinetic model, which only included the charge exchange process, to explain the time-resolved behavior of the ion density. The gas pressure was fixed at 50 mTorr and the electron beam pulse was about 6 ms.
The discharge pressure in our electron-beam plasma apparatus ranges from 100 Pa to 5000 Pa and the beam current is lower than 50 mA, which are very similar to the conditions studied by Aleksandrov et al [8] . In that paper, the authors provided little experimental evidence to prove the justification of the kinetic model. In this paper, a kinetic model referred to them was developed at first, but the simulated results significantly deviated from our experimental results.
The kinetic model, suitable for the argon EBP at intermediate pressure and low electron beam current intensity, was tried to develop using the comparison between the simulated and experimental results. The beam current in our apparatus works in a continuous model. An amplitude modulation with a frequency of 20 Hz was applied on the steady current to investigate the plasma evolution. Although the frequency of 20 Hz is very low, it has been found that the plasma evolution at this frequency can still provide much valuable information about the kinetic processes from the work in this paper. Based on the previous research on the kinetic processes in argon plasma [6, 7] , two other models were constructed. The simulated results indicated that the kinetic model without consideration of the excited species was in good accordance with the experimental results. This showed that the ionization directly generated by the energetic electrons can be viewed the only source of the secondary electrons and the ionization generated by the excited species such as the penning ionization can be ignored at intermediate pressure and low electron beam current intensity. This conclusion can significantly simplify the construction of the kinetic model and hence can facilitate the following investigations on the properties of the EBP. In the end of this work, the influencing factors on the decease of the residual density were studied based on this simplified model and the theoretical results were in good agreement with the experiment.
Experimental apparatus and methods

Apparatus
The schematic of the electron-beam-plasma apparatus is shown in figure 1 . It achieves differential pressures of about six to seven orders of magnitude by a four-stage differential pumping system consisting of four vacuum chambers (S1, S2, S3, and S4 in figure 1 ), which were connected by three conductance-limiting components. The electron gun in the first chamber is composed of the cathode filament, the gate and the anode. The cathode filament is a tungsten sheet of 2 mm 2 mm. The maximum voltage applied on the anode is 60 kV, which is also the normal operating voltage.
The first chamber is evacuated by a turbo-molecular pump with a nominal pumping speed of 110 Ls −1 and the minimum pressure can be low to´-4 10 Pa. 4 There is a pneumatic valve installed between the first two chambers, which would automatically close when the monitored pressure of the first chamber is higher than´-4 10 Pa 2 and is used to protect the electro gun. S2 and S3 which connect S1 and S4 are two chambers for the pressure transition. There is a focusing and a deflection coil installed in S2, the functions of which are to adjust the beamline to make as many electrons as possible pass through the conductance-limiting components and enter into the last chamber successfully. The fourth chamber S4 is the operating cell with an internal diameter of 1.5 m and an internal length of 1.2 m. It is evacuated by a turbo-molecular pump with a nominal pumping speed of 600 Ls −1 and the minimum pressure can be lowered tó There are many flanges with an outside diameter of 15 cm on the sidewall and bottom surfaces of S4, which are designed for the windows of different diagnostics. Rogowski coil and Faraday cup were used for the measurement of the beam current. The Rogowski coil was put in the third chamber, which is close to the second conductance-limiting pipe. The Faraday cup was located on the inner bottom surface of the working chamber, which can also protect the wall from the damage by energetic electrons.
The last conductance-limiting component between S3 and S4 is an aperture on a disk made of 304 stainless steel, which was designed to be easily replaceable and the size and the location of the aperture can be adjusted so that the beam electrons can pass though it smoothly. In this paper, the conductance-limiting aperture with the diameter of 5 mm was selected and the pressure relations in the four chambers under this condition were listed in table 1. Capacitance vacuum gauges were installed on the third and fourth chambers for the measurement of the vacuum, and cold-cathode gauges were installed on the first two chambers. The working gas was argon, which was supplied into the working chamber from a gas vessel through a controlled valve.
A right-hand Cartesian coordinate system was established on the apparatus with the direction of the motion of the beam electrons as the z-direction, the direction of the gravity as the y-direction, and the entrance of the beam electrons into S4 as the origin, which is the center of the last conductancelimiting aperture.
Experimental methods
The typical waveform of the steady beam current measured by the Faraday cup was shown in figure 2(a) when the pressure in S4 was about´-1 10 Pa. 2 The beam current approximated to a square wave with a rising and falling time of about 0.2 s. An amplitude modulation with a frequency of 20 Hz was applied on the waveform and the modulated wave can reached zero in one period, which was shown in figure 2(b).
The electrostatic probe was used to measure the ion current. The probe tip was made of the graphite with the diameter of 1.8 mm and the length of 5 mm and the voltage applied on it was fixed at −70 V, which was supplied by dry batteries. The plasma density was calculated from the ion current based on the probe theory proposed by Zakrzewski and Kopiczynski [10] , which was considered in good accordance with the microwave autointerferometry results at intermediate pressure [11] .
Experimental results
The normalized beam current and the ion current were illustrated in figure 3 , where the pressure of S4 was 1000 Pa, the emitting beam current was 5 mA and the probe was located at the position of = -x 18 cm, = = y z 0 cm, 30 cm. It can be seen clearly that these two currents were in phase. In fact, this in-phase relationship was not changed in the pressure range from 200 Pa to 3000 Pa and in the beam current range lower than 20 mA. Meanwhile, there was about ten percent of the maximum ion current remained when the beam current decreased to zero. The corresponding residual plasma density was about´-2.0 10 cm 9 3 . The residual density via the function of the maximum density and the pressure was illustrated in figure 4 . It was shown that the residual density increased approximately linearly with the maximum density in log-log plot and the fitting coefficient was irrelevant to the pressure.
Numerical simulations
The continuity equations were used to simulate the density evolution in the EBP. Here the drift and diffusion items were ignored due to the higher pressure and lower electrostatic [6, 7] . It is impractical to construct a model including all of these impossible particles. In fact, the constructed model only included parts of the impossible particles. A distinction between * Ar and ** Ar was not made here and both of them were uniformly denoted by the former. Three models were developed here and a proper one would be selected by the comparison with the experimental results.
At first, a model referred to [8] was built due to the similar experimental conditions. It included the processes from ① to ⑦ in table 2. In the consideration of the conditions here, there were mainly three differences from the model in [8] . Firstly, the effect of the gas heating was neglected here. In [8] the gas heating was mainly caused by the absorption of the electron beam in chamber wall (the diameter of it was only 2.56 cm). However, the diameter of the operating wall in our apparatus is large enough and the heating on the wall is rather small. Secondly, the tri-atomic molecular ions + Ar 3 were also neglected. Based on the results in [6, 8] , the density of is far smaller than the one of + Ar 2 at intermediate pressure. Thirdly, the effect of the air admixture was not yet considered here. The argon used here was of a high purity of 99.99%.
The second kinetic model took the processes ⑧ and ⑨ into account on the base of the first model. The process ⑧ is the recombination of * A r with the neutral atoms, which can result in the decrease of the density of the excited atoms. The rate constants were referred to [7] . In the third model the exited species were ignored completely.
The initial densities of the particles were set to zero and there were only three parametric variables in the simulations: Q , ion Q ex and the discharge pressure. For simplicity, a = * Q Q .
ex ion In the consideration of the ionization and excitation cross sections of electrons in argon [8, 12] , a was set to 0.01 in the following simulations. In fact, it can be founded the dissociative recombination (process ④) can also produce a significant amount of the excited atoms by rough estimations.
The simulated electron densities via the time normalized by the maximum densities from the three models at the pressure of 1000 Pa were illustrated in figure 5, which were compared with the normalized waveform of the beam current f t .
( ) It can be seen clearly that there was obvious phase lag between energetic electrons and the secondary electrons calculated by the first model and the residual density was too large compared with figure 3. Meanwhile, the secondary electrons computed by the latter two models were in phase with the energetic electrons and the residual densities were close to the experimental result. When the pressure was changed from 200 Pa to 3000 Pa, it was found that distinct phase lags appeared at a lower pressure in the second model while the electron density waveform was in phase with the beam current at all of the pressures in the third model.
The simulated residual densities via the maximum densities and the pressure were illustrated in figure 6 . By the comparison with the experimental results in figure 4 , it can be seen that the results given by the last model were most close to the experimental results. The residual density calculated by the first model was much larger than the experimental one while the one given by the second model evidently depended on the pressure.
Discussions
It is interesting here to construct a suitable kinetic model for the argon EBP at intermediate pressure and low beam current intensity by using the following discussions.
Firstly, the issue of the phase lags between the secondary electron and the energetic electrons was discussed. It is well known that the secondary electrons in the argon EBP are mainly generated from the energetic electrons and the excited particles. As mentioned, the dissociative recombination can Figure 4 . The residual density via the maximum density and the pressure. Table 2 . Kinetic processes taken into account in the simulations.
Processes
Rate constants Units produce a significant amount of excited atoms. As a result, it can be predicted that if the secondary electrons produced from the excited atoms are comparable to or larger than the ones from the energetic electrons, the secondary electrons will be out of phase with the energetic electrons. The maximum electron densities calculated by the three models via the pressure were illustrated in figure 7 when Q ion was fixed tó --5 10 eV cm s .
3
1 The plasma density ratios between the Figure 5 . The normalized waveforms of the electron density and f t ( ) calculated by the three models with the pressure of 1000 Pa and a maximum density of about´-2.5 10 cm first two models and the third model were also shown in figure 7 in dashed lines. It was shown that the excited atoms in the first model made an increase of the plasma densities by a factor of three to five while the ones in the second gave an obvious increase of the densities only when the pressure was lower than 1000 Pa. Therefore, distinct phase lags were observed in the simulated results of the first two models. However, the in-phase relationship was observed in experiment at a pressure from 200 Pa to 3000 Pa and at a beam current lower than 20 mA. As a result, it means that the direct ionization of the energetic electrons is the main source of the secondary electrons and the ionization effect of the excited atoms is very small. Secondly, the construction of a proper kinetic model for argon EBP at intermediate pressure and low beam current intensity was discussed. Refering to previous research on the kinetic processes in the argon plasma, many processes can result in the decay of the excited species, for example the ionization and super-elastic collision processes between the electrons and the excited species, the penning ionization, and the recombination between the neutral atoms and the excited species. In the first model, only the super-elastic collision and the penning ionization processes were included, which caused the overestimate of the density of the excited atoms. Relative to the first model, the recombination between the excited atoms and the neutral atoms (process ⑧) was included in the second model. However, the simulated results were still not in accordance with the experimental results at lower pressure. Besides the processes ⑥, ⑦, ⑧ included in the second model, there may be other kinetic processes that can cause the decay of the excited atoms. Since the secondary electrons were in phase with the energetic electrons in the pressure range from 200 Pa to 3000 Pa and in the beam current range lower than 20 mA in experiment, it can be predicted that the effect of the excited atoms on the secondary electrons can be ignored at intermediate pressure and low beam current intensity. In fact, the third model which did not consider the excited atoms gave the most similar results to the experimental results.
Since both of the tri-atomic molecular ions and the excited atoms can be neglected, the kinetic model was greatly simplified at intermediate pressure and low beam current intensity.
Finally, the influencing factors on the residual density were discussed based on this simplified model.
As has been mentioned, there are mainly two kinds of ions in the argon EBP: the atomic ions and the molecular ions. The equations controlling the decay of the secondary electrons when the beam current is suddenly off are nonlinear and there are not accurate analytical solutions. Two approximate analytical solutions can be given under two extreme cases. When the atomic ions are dominated, the decay of the electrons is determined by the production of the molecular ions and hence the electron recombination can be simply written as [ ]( ) denotes the electron density at the time t 0 when the beam current is just off. It can be seen that in this case the electron deceases exponentially with the coefficient that is in proportion to the pressure squared.
When the molecular ions are dominated, the electron recombination can be simply written as 
It can be seen that in this case the electron deceases in inverse proportion to the initial electron density. Denote the decease of the electron density relative to the initial density in the general case as r t , ( ) which can be obtained by numerical simulation. r t ( ) via the function of the initial density at the pressure of 200 Pa calculated from the third model was illustrated in figure 8 together with r t 1 ( ) and r t . 2 ( ) It can be seen clearly that r t ( ) is much closer to r t 2 ( ) rather than r t 1 ( ) when the plasma density is lower thań The ratio between the density of the molecular ions and the atomic ions via the function of the pressure and the density of the secondary electrons was shown in figure 9 . It can be seen clearly that the ratio increases with the increasing of the pressure and with the decreasing of the density of the secondary electrons. The ratio begins to be higher than 1 when the pressure is higher than 200 Pa at the plasma density of´-1.0 10 cm . 10 3 Moreover, this ratio would increase with the decreasing of the plasma density. As a result, it can be predicted that the molecular ions must be dominated with the decay of the plasma density in the interested pressure range from 200 Pa to 3000 Pa in this paper and hence the decay of the density can be approximated by equation (5) at low beam current intensities. It was clearly shown from equation (5) that the decease of the electron density was relevant with the initial density but not with the pressure, which was in good accordance with the experimental results.
Conclusions
The time evolution of argon EBP at intermediate pressure and low beam current intensity was presented in this paper. By the comparison between the simulated and experimental results, a proper kinetic model was constructed. It was found that the effect of the excited species on the secondary electrons can be ignored. This conclusion can make a significant simplification of the kinetic model at intermediate pressure and low beam current intensity and provide a solid support for the study on the physical properties of the argon EBP in the following work. Based on this model, the decrease of the secondary electrons was studied when the beam current was suddenly off. It was shown that the decease characteristic at intermediate pressure was approximate to the one at high pressure at low beam current intensity.
